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ABSTRACT

This report is submitted to the NASA Manncd
Spacecraft Centerin accordance with Task MSC/TRW
A-50.3 Contract NAS 9-4810. This reportcontains the
postflight analysis performed in conjunction with the
flight of Apollo Mission 4/AS-501/CSM 019, and is
issued as a supplement to Section 3, Trajectory Sec-

tion, of the Apollo Program Mission Report.

The report is issuedin three volumes, Volume 1
contains details of the analysis and results obtained;
Volume II contains the appendix material for Volume I,
and Volume III presents alisting of the final NAT tra-

jectory.

Volume III is available from microfilm on file

with the Computations and Analysis Division, NASA-MSC.
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3. APOLLO MISSION 4/AS-501 TRAJECTORY RECONSTRUCTION
AND POSTFLIGHT ANALYSIS

3.1 INTRODUCTION AND SUMMARY

AS-501 Mission

The AS-501/Apollo Mission 4 was launched from the Atlantic
Missile Range at approximately 12:00:01 Greenwich mean time on
9 November 1967. The boost of the Saturn V and first burn of the S-IVB
stage injected the combination S-IVB/CSM payload into a 100-nautical mile
orbit. This parking orbit was continually perturbed by the liquid oxygen
and hydrogen venting of the S-IVB stage. After two revolutions in this
parking orbit, the S-IVB engines were restarted, and the combination
payload was injected into a high-apogee, earth-intersecting ellipse. The
S-IVB burn was closely followed by S-IVB/CSM separation and first burn

of the service propulsion system (SPS) engine.

Approximately 2 hours and 18. 5 minutes after the first SPS engine
cutoff, the CSM spacecraft reached an apogee altitude of 9769 nautical
miles on its earth intersecting orbit. At approximately 2 hours and 24
minutes after apogee, the SPS engines were reignited for a burn duration
of 232 seconds to raise the entry velocity to that of a lunar return orbit.
Approximately 2 minutes and 30 seconds after second SPS cutoff, CM/SM
separation occurred, and 1 minute 24 seconds after separation, the service

module entered the earth's atmosphere.

Figure 3-1 illustrates the mission timeline and the radar tracking
coverage of the Apollo Mission 4 flight. In this figure, the time scale
shifts at 04:00:00 ground elapsed time (16:00:01 Greenwich mean time)
from 15-minute time intervals to 1-hour time intervals. The sequence of

mission events is also shown in Table 3-1.

The AS-501 mission performed a near-nominal flight and success-

fully completed the primary objectives of demonstrating the following:

e Launch capability of the Apollo configuration Saturn V
boost vehicle

® Restart capabilities of the S-IVB engine out of a
coast parking orbit
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Table 3-1. Sequence of Events (Coast Phase)

Ground Greenwich

Elapsed Mean

Time Time
Event Revolution Date (hr:min:sec} (hr:min:sec)

Second S-IVB Engine

Cutoff 3 Nov. 9 3:16:26. 27 15:16:27, 27
Direct Ullage 3 Nov. 9 3:26:26. 52 15:26:27.52
S-IVB/CSM Separation 3 Nov. 9 3:26:28. 22 15:26:29. 22
X-Transponder Off 3 Nov. 9 3:26:36. 61 15:26:37. 61
SPS 1 Engine Ignition 3 Nov. 9 3:28:06. 60 15:28:07. 60
SPS 1 Engine Cutoff 3 Nov. 9 3:28:22. 60 15:28:23, 60
Apogee 3 Nov. 9 5:46:49. 54 17:46:50. 54
SPS 2 Ullage 3 Nov. 9 8:10:26. 36 20:10:27. 36
SPS 2 Engine Ignition 3 Nov. 9 8:10:54. 80 20:10:55. 80
SPS 2 Engine Cutoff 3 Nov. 9 8:15:35. 40 20:15:36. 40
CM/SM Separation 3 Nov. 9 8:18:02. 60 20:18:03. 60
Entry (400, 000 ft) 3 Nov. 9 8:19:28. 54 20:19:29. 54

e Restart capabilities of the SPS engine

e Entry characteristics of the CM at lunar return
velocities

Analysis
This report presents the details and results of the postflight analysis

of data taken during this mission. These data include the following:
e Radar tracking data
MSFN C-band
Unified S-band

Skin track



® Downlink telemetry data
S-IVB inertial unit
CSM inertial measuring unit
e GLOTRAC high-speed tracking:
Ascent phase
2nd S~-IVB engine burn
Ascent

An evaluation of the Apollo inertial guidance system performance
has been made in order to determine the systematic errors present. The
magnitudes of these errors were then used to reconstruct the trajectory

from G&N data during SPS powered flight and entry.

Two sources of external trajectory data were available during
ascent. Differences between the corrected G&N trajectory and (1) the
S-IVB guidance data and (2) GLOTRAC high-speed tracking data are dis-

cussed in Section 3, 2 and Appendix K,

Parking Orbit

The two-revolution coast parking orbit, prior to S-IVB engine
restart, has been reconstructed for the purpose of verifying the Marshall
Space Flight Center derived vent polynomials. These are polynomial
estimates of the accelerations resulting from venting of the S-IVB stage.
The details of the reconstruction and of the comparison/verification are
included in Section 3. 3 and Appendix J, with a listing of this parking
orbit trajectory given at 10-minute intervals plus event times included

as Appendix A.

Second S-IVB Engine Burn

Since both S-IVB guidance data and GLOTRAC high speed tracking
data were available during the second S-IVB burn, additional comparisons
with Apollo G&N data were made. Analysis of these corhparisons supple-
ment the Apollo IMU error evaluation which is based primarily on ascent.
Corrected GgN trajectory residual plots are given in Section 3.3 and

Appendix K.

3-6



Coast Phase

The AS-501 mission has been reconstructed from time of S-IVB
engine cutoff to entry. The analysis of this reconstruction is given in
Section 3. 4, and the trajectory is presented at 10-minute intervals plus

event times in Appendix B of this report.

SPS-2 and Reentry

The entry trajectory has been reconstructed using G&N data from
SPS-2 ullage to splashdown. The reconstruction was accomplished using
Apollo IMU errors determined from the ascent and second S-IVB burn

evaluation. Discussion of the accuracy of the entry trajectory is presented

in Section 3. 5.

RTCC Compares

The Real Time Computing Center state vectors have been compared
to the postflight reconstructed trajectories at RTCC anchor times from
insertion to entry for the purpose of aiding the Real Time Center in

evaluating fit procedures. The details of these comparisons are presented

in Section 3. 6,

3.2 LAUNCH

Corrected Apollo Guidance and Navigation (G&N) Boost Trajectory

Comparisons between the corrected G&N trajectory and the selected
boost phase best estimate trajectory (BET) are presented graphically in
Figures 3-2 through 3-7. The insertion vector obtained from the
corrected G&N trajectory is compared in Table 3-2 with that obtained from
the ESPOD orbital integration program and from tracking data. Finally,
Table 3-3 contains a listing of the Apollo IMU errors used to correct the
G&N trajectory.

In arriving at a corrected trajectory, it was necessary to derive a
set of IMU performance errors which would best account for the disagree-
ment occuring between the G&N and the ''true'' trajectory for all phases of
the flight., A principal difficulty was that of determining the most accurate

trajectory from among several sources. In the boost phase there were
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Table 3-2 . State Vector Comparisons in ECIG (LO = tGRR)
Coordinates
S-IVB Cutoff (t = 666 seconds)
Residuals
ESPOD Corrected G&N (G&N minus ESPOD)

PX 11, 040, 522.0 11, 043, 073. 0 2,551.0
PY -14, 429, 463. 0 -14, 428, 225.0 1, 238.0
Pz 11,560, 363. 0 11, 556, 886. 0 -3,477.0
vX 19, 885.9 19, 884, 2 -1.7
VY 16,033.9 16, 039.0 5.1
VZ 1, 037.5 1, 024. 8 -12.7

three independent sources of vehicle trajectory data: the Apollo Guidance
Computer, the S-IVB instrumentation unit (IU), and the GLOTRAC radar
system. During the course of this analysis, several iterations of S-IVB
and GLOTRAC trajectories were obtained from the responsible agencies
and examined for reasonableness. It was concluded that the trajectory
which was most physically reasonable during boost was that obtained from
the edited S-IVB IU telemetry data.

The above conclusion was based on several observations. Velocity
comparisons with the GLOTRAC trajectory provided to TRW by MSC
revealed GLOTRAC data fluctuations of an erratic and physically unaccept-
able nature. An example of this is provided in the velocity comparison pro-
file BOOST/SENSED COMPARISONS/GN-GLOTRAC included in Appendix K.

T—he S-IVB trajectories provided to TRW by MSFC included a series
of variants of the original S-IVB data. The first such trajectory consisted
of a simple editing (or smoothing) of the S-IVB telemetry data. The final
such trajectory (as of the date of this report) was derived by forcing the
end point of the S-IVB trajectory to fit a single end point (insertion vector)
obtained from orbital integration programs. Examination of velocity

comparisons with the G&N trajectory revealed discrepancies so large that



they could be accounted for only by postulating a physical failure of the
Apollo IMU or a substantial and systematic error in the "final" S-1VB
trajectory. Since there were no additional supporting indicators of an
IMU failure, suspicion centered on the inaccuracy of the final S-IVB tra-
jectory. In a subsequent telephone conversation with MSFC, it was con-
firmed that the S-IVB trajectory in question was known to be in error and
was undergoing major revisions. A revised final S-IVB trajectory is not
presently available. However, TRW was informed that the edited S-IVB
IU telemetry data were thought to be fairly representative of the actual
ascent trajectory. For that reason, these data were selected as the
standard of comparison from which Apollo IMU performance errors were

derived.

It is recognized that performance errors probably also existed in the
S-1IVB IMU. Therefore, the Apollo IMU error set derived by comparisons
of the AGC and S-IVB trajectories will be incorrect by the amount of these
S-IVB errors. However, the corrected G&N trajectory agrees well with
independent sources during both the second S-IVB burn phase and reentry.
It is therefore concluded that the S-IVB errors were relatively small (as
was expected) and that the derived Apollo IMU error set is reasonably

accurate.

Comparisons of the corrected G&N trajectory with the other boost

trajectories referred to above are presented graphically in Appendix K.

Shown in Table 3-3 is a list of the Apollo IMU errors deri‘ved to
best minimize the residuals between the G&N trajectory and the most
reliable BET in all mission phases. The fit to each phase was weighted
so that the best fit was obtained where the most reliable standard existed.
Table 3-3 also includes the results of error parameter measurements and
the AGC compensation values loaded for the flight, where applicable. As
can be seen from the table, the great majority of the derived error values
agree with their measured values within the one sigma sample standard
deviation., In general, those errors which satisfy that constraint are not
treated further. However, a discussion of deduced errors which sub-
stantially exceed that value and for which additional data are available may
be found in the TRW Project Technical Report 05952-H394-R0-00, (Task
E-38), "AS-501 Guidance and Navigation Error Analysis. '

3-22



9UON 0°¢g 298 Jdae G- ZTHd

suoN 0°€07 295 dI1®  HL XTHJd
suoN VN 28/2u/3°p 51 °0- OSVIZ
1yfryexd paanseawr G¢HEQ 0 ¥90°0 8/ay/8ep 5¥%0 ‘0 vOoavx
860 0 690 ‘0 690 ‘0 GL0 "0 8/24/33p g0 *0 gsavi
(F°1°1°1 ¢ "129G) 1593 29§ £68 °0 21£°0 01¢ "0 21°0 8/1y/89p 0L "0 vIiavz
60 °0- 660 *0- 660 "0~ 21°0 8/14/39p 9¢0 "0- viavX
YA R ¥11°0- P11 °0- $%0 °0 1y/39p 6%200 *0 ¥anonz
$01 "0~ 101 "0~ 960 0~ 6%0 °0 14/39p $850 0 9anonx
¥120 °0- §220°0 6220 ‘0 G%0 °0 ay/3ep ¢%0 *0- Janonx
(d0OSD) 0+ paanses|y : QUON 8 62 098 Ja® (Z- "ISINXZ
(30SD) €1+ paanses auoN 862 J9s dxe ¢ TSNZ X
(d0OSD) v1- peanseay auoN 8 *62 23s axe G- TSINX X
(dOSD) 69- paansea|y suoN 8 '62 298 dIe ¢- TSWZX
0 %% 61 61 005} wdd 1671 ASZ
9°68- 982~ 982- 0 °80% v o011~ zZd
0°2¢} ¥02 302 0 *80% 3rg- 11 xd
6519 81¥ 81¥ 0 '80% 3ty 16- xXd
VN VN . VN VN das/1y L1~ XOA
SIUSWIUIO) SjUsIaInse s TR ~({xonduion {(dosn) Pos onieA I3jowreieg
wy3gead ejeQ DDV ut Ajurejzaoun
Teut peorT ejeq) paiInseaN O |
sanjeA
uorjesuaduwo)

sxoxayg NI ollody ‘¢-¢ 219BL

3-23



Examination of Table 3-2 revecals a significant disagreement between
the corrected G&N and ESPOD vectors at the time of S-IVB cutoff, This
divergence may be partially cxplained by observing that the ESPOD recon-
struction relies on a relatively few (nine) radar data points near insertion
and is not expected to be highly accurate in that region. Agreement is
considerably better at times where accurate ESPOD vectors or other BET
data are available (second S-IVB burn cutoff and entry). This is discussed

further in Sections 3.3 and 3, 4,
3.3 PARKING ORBIT

For the AS-501 mission, TRW Task A-50 was requested to recon-
struct the two-revolution parking orbit phase of the flight using the MSFC
derived polynomials as an aid to MSFC in evaluating this modeling tech-
nique. This section presents the reconstruction of the parking orbit phase
of the flight and lists the results of the evaluation of the MSFC vent poly-

nomial model.

Sequence of Events

Lift-off for the Saturn V vehicle occurred at 12 hours, 0 minutes,
and 1 second on 9 November 1967. At 11 minutes and 5. 64 seconds ground
elapsed time (GET referenced to range zero), Saturn IVB engine cutoff
occurred. This was immediately followed by the initiation of vent at
11 minutes and 7. 94 seconds, GET. The Saturn IVB/command service
module (S-IVB/CSM) was inserted into a 100-nautical mile circular orbit
at 11 minutes and 16, 64 seconds, GET. For almost two revolutions there
was a continous vent of liquid oxygen and liquid hydrogen. At 3 hours,

6 minutes, and 7 seconds, GET, S-IVB attitude orientation and preignition
sequence began in preparation for translunar injection (TLI). Finally, the
second S-IVB engine ignition occurred over the Eastern Test Range (ETR)

at 3 hours, 11 minutes, and 27. 57 seconds, GET.

For convenience, Table 3 -4 lists the major events during the parking
orbit along with the ground elapsed time and Greenwich mean time (GMT)

associated with each event,
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Table 3-4. Sequence of Events (Parking Orbit)

Ground Greenwich

Elapsed Mean

Time Time
Event Revolution Date (hr:min:sec) (hr:min:sec)
First S-IVB Engine Cutoff 1 Nov. 9 0:11:05. 64 12:11:06. 64
Initiation of Vent 1 Nov. 9 0:11:07.94 12:11:08. 94
Insertion 1 Nov. 9 0:11:15, 64 12:11:16. 64
Second S-IVB Engine 3 Nov., 9 3:11:26.57 15:11:27. 57

Cutoff

Data Processing

A magnetic tape containing low speed radar tracking data (C-band
and S-band) was received from MSC on the evening of November 9. The
MATAG program converted the data into a format compatible with ESPOD
and generated a time-ordered master data tape. The EDG program edited

the master data tape in the following manner:
a) Deleted all data flagged invalid
b) Deleted all data with elevations below 3 degrees

c) Refracted all range and angle data using the mean monthly
value for surface refractivity for each station

d) Subtracted 123 feet from all IU range data

e) Sorted data by object, i.e,, S-IVB transponder, CSM
transponder, and skin track

f)  Output radar observation cards
This data processing was essentially completed in one day.

There were two problem areas. First, MATAG did not at this time
have the capability to process radar data from mobile tracking sites
(ships); second, MATAG did not test on object number when processing

doppler data. Thus, it was unable to convert doppler data in the dual



mode. It is hoped that these two deficiencies will be corrected for

AS-204/LM-1 mission,

Table 3-5 summarizes the EDG output which is radar obscrvation
cards, The table lists the station identification, the revolution, the date,
the rise time, rise elevation, maximum elevation of the pass, set time,

set elevation, and the total number of observations,

A summary of the data that were flagged invalid at the station is pre-

sented in Appendix I.

Orbital Fit Discussion

Before each fit is discussed in detail, a few assumptions concerning
these fits should be stated. First, it is assumed that all stations are in
perfect time synchronization with one another, unless otherwise noted.
Second, it is assumed that all the data are time tagged on the received
pulse; thus, the light time correction retards the time tag of the data.
Third, it is assumed that a 0, 06-second timing bias added to all tracking
data accounts for the difference between UT1 and UTC for 9 November
1967.
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Table 3 -6 lists the values used by the TRW orbit determination
program (ESPOD) to weight the radar tracking data from cach station as

a function of data type and radar type.

Table 3-6. Radar Data Weighting (Parking Orbit)

Data Type Type of Radar Weighting
R:A:E FPQ-6 60 ft: 0.0258 deg: 0.0258 deg
R:A:E TPQ-18 and FPS-156 90 ft: 0.0354 deg: 0,0354 deg
R:A:E MPS-26 180 ft: 0. 1720 deg: 0.1720 deg
R:X:Y USB: 30-ft antenna 90 ft: 0.1375deg: 0. 1375 deg

85-ft antenna

Doppler (2 way) USB: 30-ft antenna 0.2 cycle/sec
85-ft antenna

A summary of station locations for both C-band and S-band stations

can be found in Appendix H,

The S-IVB/CSM trajectory for the parking orbit was reconstructed
using low speed C-band tracking data and the TRW orbit determination
program. The vent was modeled by generating a vent acceleration tape
from the vent acceleration polynomials derived by MSFC. A table of the
X, Y, and Z MSFC vent polynomial coefficients and the time interval for
which these coefficients are valid is to be found in Appendix J. Also in
this appendix is the MSFC plot comparison of the telemetered velocity and
the fit velocity polynomials, The vent acceleration tape is then input into
the version of ESPOD which has the burn models (IGS ESPOD), and the
vent is treated as if it were a burn. It should be noted that the vent poly-
nomials have already accounted for drag, thus the drag parameter is input
as zero, Only C-band data were used in the reconstruction, since IGS

ESPOD is unable to handle the S-band data.
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The parking orbit begins at S-IVB/CSM insertion (12 hburs, 11 min-
utes, and 16,64 seconds, GMT) and ends at the second S-IVB engine igni-
tion (15 hours, 11 minutes, and 27. 57 seconds, GMT). Fof the purposes
of determining a trajectory, the parking orbit was divided into two
scgments. Table 3-7 presents a summary of information pertinent to
each fit. For each fit the following information is listed: the observation
span of the data, the data used in the fit, the solution vector, and the

trajectory output.

Sepment 1| was reconstructed using all available C-band data, and
covers the period from S-IVB/CSM insertion (12 hours, 11 minutes, and
16. 64 seconds, GMT) to the beginning of revolution 2 (13 hours, 39 min-
utes, and 12 seconds, GMT). A least-squares fit was made where the
state vector and the accelerometer bias vector comprised the solution vec-
tor. The recovered accelerometer bias values were 0.27 x 103 feet per
second per second for X, 0.12 x 10-3 feet per second per second for Y,
and -0.36 x 1073 feet per second per second for Z where X is collinear
with the local vertical at launch, Z is collinear with the firing azimuth at

launch, and Y completes a right-handed system.

The most significant data problem occurred at CROCO1! where the
mean monthly value of surface refractivity (329) used in the refraction rou-
tine was considerably different than the computed value (367) based upon
measured temperature, pressure, and dew point data; consequently, the

CROC elevation data was weighted out of the fit.

Table 3-8 lists the residual mean and RMS by station and type for
Segment 1 where all quantities are defined as usual, and N represents the

number of data points for a particular type of observable.

The trajectory was generated at 10-minute intervals and at event

times. The trajectory listing can be found in Appendix A.

The residual plots for this fit can be found in Appendix C where per-

tinent comments will be made for each plot, if applicable.
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Segment 2 was reconstructed using all the available C-band data
except for CYICOZ and TANCOZ2. The data from these stations were
deleted from the fit because of strange residual patterns, Segment 2
covers the period from the beginning of the second revolution (13 hours,
39 minutes, and 12 seconds, GMT) to the sccond S-1VD engine ignition (15
hours, 11 minutes, and 27. 57 seconds, GMT). A least-squares fit was
made where the solution vector consisted of the state vector and the accel-
erometer bias vector, The recovered accelerometer bias values were
-0. 12 x 103 feet per second per second for X, 0.25 x 10-3 feet per sec-
ond per second for Y, and -0.76 x 10-3 feet per second per second for Z,
where the same definitions hold for X, Y, and Z as in the discussion of
Segment 1. The CROCO2Z elevation data were weighted out of the fit

because of the previously discussed refraction problem.

The residual mean and RMS by station and type for Segment 2 is
listed in Table 3-9.

The trajectory was generated at 10-minute intervals and at event

times. The trajectory can be found in Appendix A,

The residual plots for the fit can be found in Appendix C, where per-

tinent comments will be made for each plot, if applicable.

A two-revolution fit was made of the parking orbit using the C-band
data except for CYICOZ2 and TANCO2. It was found that this trajectory
compared favorably (differing less than 500 feet in total position and 1 foot
per second in total velocity) with the trajectories for both Segment 1 and
Segment 2 except for the insertion vector (12 hours, 11 minutes, and 16. 64
seconds, GMT). It was not possible to fit the BDACO1 data as well with
the two-revolution fit as it was with the Segment 1 fit without heavily
weighting the BDACO1 data, Also, the Segment 1 trajectory and the
Segment 2 trajectory differed by only 167 feet in total position and 0, 52 foot

per second in total velocity at the beginning of revolution 2. Therefore,

it was decided that the two-revolution parking orbit would be best repre-

sented by the Segment 1 and the Segment 2 trajectories.
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A detailed discussion of RTCC comparisons for Scgment 1 and

Segment 2 is presented in Section 3. 6.

The low speed S-band tracking residual plots using the reconstructed
trajectories for Segment 1 and Segment 2 can be found in Appendix D. Per-
tinecnt comments will be made for each plot, if applicable. A version of
ESPOD which does not have a vent model had to be used to generate the
residuals. In order to minimize the effects of venting on the residuals,

the propagation time of the vectors used to generate the residuals was

minimized,

The quality of the S-band data was not as good as the C-band data in
near-earth orbit. A detailed study of the S-band plots (Appendix D) will

possibly distinguish operational problems from hardware problems.

Vent Polynomial Evaluation

The MSFC vent polynomials will not be evaluated explicitly; instead,
the reconstructed trajectory which was based on these polynomials will be

evaluated,

In general, the goodness of a trajectory is measured by how well the
trajectory fits the observations. Tables 3-8 and 3-9 and the plots
(Appendix C) indicate a good fit was obtained by TRW using the vent poly-
nomials. The state vectors obtained in real time by the RTCC, if regarded
as an independent check, are in good agreement with TRW during the

parking orbit phase,

The evaluation of the MSFC trajectory will be based on two compari-
sons, First, the reconstructed trajectories will be compared by differ-
encing state vectors at common time points; second, a comparison of the

recovered accelerometer biases will be made.
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MSFC transmitted to TRW Task A-50 a set of vectors for the parking
orbit at the RTCC anchor times. The vector differences (MSFC - TRW)
in the Apollo 4 standard coordinate system are listed in Table 3-10. For

each vector comparison the following information is listed:
e The RTCC vector anchor time (GMT)

® The position component differences in feet and the velocity
component differences in feet per second

e The total difference in position and velocity in feet and feet
per second '

The total position differences were generally around 2000 feet,
although the differences were as high as 4000 feet at 14 hours, 26 minutes,
and 12 seconds (CROCOQOZ). The total velocity differences were as large
as 5. 06 feet per second at insertion (12 hours, 11 minutes, and 16, 64
seconds, GMT) and as small as 0, 84 foot per second at the second S-IVB
engine ignition (15 hours, 11 minutes, and 27. 57 seconds, GMT). The
differences are not unreasonable, although the differences are somewhat
higher than expected. However, these differences are not larger than the
differences observed on the AS-203 mission which was used as a test case

for the AS-501 mission,

For completeness, the MSFC vectors were also compared with the
RTCC vectors (RTCC - MSFC) in the RTCC coordinate system. The
results of these comparisons are listed in Table 3-11. Each RTCC vector
compared is identified either by a station identification and batch number
or by a descriptive word phrase. Also listed in the table are the RTCC
vector anchor time (GMT), the position component differences in feet,
the velocity component differences in feet per second, and the total differ-

ence in position and velocity in feet and feet per second.

The MSFC vectors compare favorably with the RTCC vectors in
Table 3-11. The large differences between MSFC vectors and the special
RTCC vectors in Table 3-11 were also observed between the TRW vectors

and the RTCC special vectors (Section 3. 6).

Table 3-12 compares the recovered accelerometer biases for
Segment 1 and Segment 2. Also included is a comparison of the recovered

accelerometer biases for the two-revolution fit described above.
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The table lists accelerometer biases in the X, Y, and 7 dircections
for MSFC and TRW, where X is collinear with the local vertical at launch,
7. is collinear with the firing azimuth at launch, and Y completes a right-
handed system. The table shows that the accelerometer biases recovered
by TRW and MSFC are consistent except for the X-accelerometer bias in
Table 3-12b and the Y-accelerometer bias in Table 3-12¢, The X-acceler-
ometer bias is the only bias that does not have the same sign for all three
tables,

In conclusion, it is felt that the vent polynomial technique is a good
way to model vent. This conclusion was also reached after evaluating the

vent polynomial technique using the four revolutions of the AS-203 mission

as a test case.

Second S-IVB/First Service Propulsion System Burn

In this phase, two G&N trajectory reconstructions were carried out.
The set of derived Apollo IMU errors (Table 3-3) used to correct the G&N

boost trajectory were used in these reconstructions.

Trajectory Comparisons

During the period of the second S-IVB burn, approximately 11, 490
to 11, 788 seconds from Apollo Guidance Reference Release (GRR), there
were again three independent sources of trajectory data: Apollo G&N, the
S-IVB instrument unit, and the GLOTRAC radar stations which service
the Eastern Test Range. Comparisons were made between the sensed
records of the corrected G&N trajectory and corresponding records from
three sources: GLOTRAC, edited S-IVB instrument unit telemetry, and
the final, corrected S-IVB trajectory (designated the S-IVB '"Final Point
Mass'' trajectory by MSFC). The results of these comparisons are pre-
sented graphically in Figures 3-8 through 3-13 (for G&N minus GLOTRAC)
and in Appendix K. Of the three reference trajectories with which com-
parisons were made, those made with the GLOTRAC data produced the
most reasonable results. The error propagations suggested by these data
seem more reasonable on physical grounds, although GLOTRAC data
throughout the burn are erratic. The end point (11, 788 seconds) sensed

velocity residuals are 0.7, -6.5, and -3. 6 feet per second in X, Y, and Z
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channels, respectively, and agree fairly well with those taken from the
final S-IVB Point Mass trajectories. However, the trend of the final
S-IVB Point Mass comparisons strongly suggests that this agreement was
brought about by forcing the S-IVB trajectory to fit tracking data closely

near the end point of the burn.

Trajectory Reconstruction

After examining the results of the sensed trajectory comparisons
described above, the derived Apollo IMU errors were used to reconstruct
an Apollo G&N trajectory from time t = 11,400 seconds (prior to S-IVB
ignition) through t = 12, 512 seconds (after completion of the first SPS
engine burn). This trajectory was initialized on an ESPOD state vector at
t = 11, 400 seconds, causing both the ESPOD and Apollo G&N trajectories
to coincide initially. The purpose of this procedure was to determine how
accurately the corrected G&N trajectory would track the BET over a sub-
stantial time interval. As can be seen from Table 3-13, the results of

this comparison were fairly satisfactory.

It will be noticed that the last two sets of residuals (for t = 12, 480
seconds and t = 12,512 seconds) differ markedly in spite of their close
time proximity. This is true because the ESPOD vectors at these two
time points were taken from independently reconstructed orbital segments
separated by SPS1. The segment from which vectors at time t = 12, 480
seconds were taken was reconstructed using tracking data between S-IVB-
II cutoff and SPS1 ignition. The ESPOD segment containing time t = 12,512

seconds was generated from tracking data obtained during the intersecting

ellipse orbit,




Table 3-12., Comparison of Recovered Accelerometer Biases

a) Segment 1

TRW (ft/secz) MSFCift/secZ)
X 0.27 x 1073 0.14 x 107>
Y 0.12 x 1073 0.14 x 107>
z 0.36 x 107> ~0.51 x 1073

b) Segment 2

TRW (ft/sec’) MSFC (ft/sec’)
X ~0.12 x 107° 0,20 x 1074
Y 0.25 x 107> 0.32 x 107>
z 0.75 x 107> 20.79 x 107>

c¢) Two-revolution fit

TRW (ft/secz) MSFC (ft/secz)
X 0.13 x 107> 0.14 x 1073
Y 0.23 x 107* 0.27 x 10°°>
Z ~0.72 x 1073 -0.87 x 1073
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3,4 INTERSECTING ELLIPSE

Trajectory Analysis and Reconstruction

This section discusses and summarizes results obtained by recon-
structing the AS-501 (Apollo 4) trajectory from Saturn-IVB/command
service module (S-IVB/CSM) separation to entry (400, 000 feet) using an
orbit determination program (ESPOD) and low speed radar tracking data.
Although Task A-50 was not responsible for the 10-minute period between
the second S-IVB engine cutoff and S-IVB/CSM separation, the limited
data between S-IVB/CSM separation and the first service propulsion sys-
tem (SPS 1) engine cutoff made it necessary for the task to include the
10 minutes of free flight prior to S-IVB/CSM separation in its discussion.
Therefore, the following subsection, Sequence of Events, will begin by

describing the second S-IVB engine cutoff.

Sequence of Events

Following the two revolutions in the parking orbit, the second S-IVB
burn injected the S-IVB/CSM configuration into an earth-intersecting
coast ellipse. The second S-IVB engine cutoff occurred at 3 hours, 16
minutes, and 26.27 seconds from lift-off, where lift-off is referenced to

range zero which occurred at 12 hours, 0 minute, and 1 second, GMT.

After 10 minutes of free flight, the Apollo guidance computer (AGC)
received the S-IVB/CSM separation signal. Upon receipt of this signal,
the reaction control system (RCS) jets were turned on. After 1.7 seconds
of thrusting, the physical separation of the S-IVB/CSM occurred. The
RCS jets continued thrusting for another 8.4 seconds, for a total time
duration of 10. 1 seconds. A total AV of 1, 88 feet per second was added
during this maneuver. The CSM then initiated a 26-second reorientation
maneuver to obtain the proper ignition attitude for the first SPS burn.
This maneuver was followed by a 64-second attitude-hold phase prior to

SPS engine ignition.

At the end of the attitude-hold phase, 3 hours and 28. 11 minutes
after lift-off, the SPS engine ignition occurred. The burn lasted a total of
16 seconds with a AV of 213 feet per second. The result of the burn was
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an earth-intersecting cllipse with eccentricity of 0, 59 and a predicted
apogee of 9778 nautical miles above the Fischer ellipsoid. A discussion
of SPS 1 targeting parameters appears in the Mancuver Analysis and

Targeting Parameter subsection,

Immediately following SPS 1 engine cutoff, 3 hours and 28. 38 minutes
after lift-off, the CSM initiated a 26-second reorientation maneuver to

place the spacecraft into the desired attitude for solar cold soak.

Approximately 2 hours and 18, 5 minutes after SPS 1 engine cutoff,
the spacecraft reached an altitude of 9769 nautical miles at apogee. Then
approximately 2 minutes after the AGC update had been received from the
Carnarvon ground station, the AGC initiated a reorientation maneuver
from the solar cold-soak attitude to the ignition attitude for the second
SPS burn.

At 8 hours and 10. 44 minutes from lift-off, the CSM RCS jets were
turned on for a 28 -second ullage burn. Immediately following ullage, SPS
two-engine ignition occurred. The total time from SPS 1 engine cutoff to

SPS 2 engine ignition was 4 hours and 42. 54 minutes.

The duration of the SPS 2 burn was 280. 6 seconds, during which a
AV of 4829 feet per second was added. The SPS 2 engine cutoff occurred
at 232, 14 seconds before entry or 8 hours and 15. 61 minutes from lift-off,
The resulting inertial velocity and flight-path angle at SPS 2 engine cutoff
was 35, 115 feet per second and 107. 64 degrees, respectively. A detailed
description of SPS 2 targeting parameters is presented in the Maneuver

Analysis and Targeting Parameter subsection.

Following SPS 2 engine cutoff, a reorientation maneuver was per-
formed to obtain the desired attitude for command module/service module
(CM/SM) separation. This attitude was maintained until CM/SM separa-
tion, which occurred at 8 hours and 18, 04 minutes after lift-off, The
separation maneuver was performed by firing four SM RCS thrusters to
provide negative X-axis translation. The translation was to continue until

the RCS propellant was depleted.
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Approximately 5 scconds after the CM/SM separation, the guidance
and navigation system was to begin orienting the command module to a

predetermined attitude for atmospheric reentry.

At 8 hours and 19. 326 minutes from lift-off, the spacecraft entered
the earth's atmosphere (400, 000 feet) in a hyperbolic orbit with an inertial
velocity of 36, 545 fect per second and a flight-path angle of 96. 93 degrees.

Table 3-1 lists the major events along with the ground elapsed time

and Greenwich mean time associated with each event,

Command Service Module Orbital Reconstruction

The command service module trajectory was reconstructed
using low speed C-band radar tracking data and the TRW orbit determina-
tion program (ESPOD). Low speed unified S-band radar data were also
used for the post-SPS 2 burn segment of the flight since C-band data did
not exist for this segment of the mission. The earth-intersecting ellipse
phase of the flight was also reconstructed using only S-band data, and
also by using both the C-band and S-band data. These trajectories were
then compared with the standard C-band trajectory to determine the qual-
ity of the S-band data and to measure the effects of using both radar data

types in a fit. This comparison appears in the discussion of Segments 5
and 6,

The CSM orbital segment of the flight begins at S-IVB/CSM separa-
tion and ends at entry interface (400, 000 feet). Because of the limited
data situation between S-IVB/CSM separation and SPS 1 engine ignition,
the 10 minutes of free flight preceding S-IVB/CSM separation were

included in the analysis.

Data Processing

A magnetic tape containing low speed radar tracking data (C-band
and S-band) was received and processed by the MATAG program which
converted the data into a format compatible with ESPOD and generated a
time-ordered master data tape. The EDG program edited the master

data tape in the following manner:
a) Deleted all data flagged invalid

b) Deleted all data with elevations below 3 degrees
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c¢) Refracted all range and angle data using the mean
monthly value of surface refractivity for cach
station

d) Subtracted 123 feet from all IU range data

e) Sorted data by object, i.e., S-IVB transponder,
CSM transponder, and skin track

f) Output radar observation cards

Table 3-14 summarizes the EDG output, which is radar observation
cards. The table lists the station identification, the revolution, the date,
the rise time (GMT), rise elevation ( degrees), maximum elevation of the
pass (degrees), set time (GMT), set elevation, and the total number of

observations.

A summary of the data that were flagged invalid at the station

appears in Appendix L

Orbital F'it Discussion

Before each fit is discussed in detail, a few assumptions concerning
these fits should be stated. First, it is assumed that all stations are in
perfect time synchronization with one another unless otherwise noted.
Second, it is assumed that all data are time tagged on the received pulse;
thus, the light time correction retards the time tag of the data. Third,
it is assumed that a 0. 06-second timing bias added to all tracking data

accounts for the difference between UTI and UTC for 9 November 1967,

A summary of station locations for both C-band and S-band stations
can be found in Appendix H. Table 3-15 lists the values used by ESPOD to
weight the radar tracking data from each station as a function of data

type and radar type.

A summary of drag parameter values for various phases of the
mission is listed in Table 3-16. The table lists the vehicle configuration,
the time interval for which this particular value is valid, vehicle weight
(pounds), vehicle cross sectional area (feetz), and the value of the drag

parameter (feetz/ slug).
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Table 3-15,

Radar Data Weighting (Coast Phase)

Data Type Type of Radar Weighting
R:A:E FPQ-6 60 ft: 0. 0258 deg: 0.0258 deg
R:A:E TPQ-18 and FPS-16 90 ft: 0.0354 deg: 0.0354 deg
R:A:E MPS-26 180 ft: 0.1720 deg: 0. 1720 deg
R:X:Y USB: 30-ft antenna 90 ft: 0. 1375 deg: 0. 1375 deg
85-ft antenna
Doppler (2 way) USB: 30-ft antenna 0.2 cycles/sec
85-ft antenna
Table 3-16. Drag Summary
Time Interval Vehicle Vehicle
From To Weight Area Drag
Vehicle (hr:;min:sec) (hr:min:sec) (1b) (££2) (£t2/slug)
S-1VB/CSM 12:11:16 15:11:27 281,568 754. 77 0. 0858
S-IVB/CSM 15:16:27 15:26:29 122, 000 754. 77 0.1980
S-1IVB 15:26:29 ENTRY 83, 259 754,77 0. 2901 .
CSM 15:26:29 15:28:07 51, 787 129, 35 0.0799
CSM 15:28:23 20:10:55 50, 653 129. 35 0. 0817
CSM 20:15:36 20:18:03 24, 872 129, 35 0. 1664
CM 20:18:03 ENTRY 11, 960 129. 0. 3461
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For purposes of determining a best estimated trajectory (BET), the
CSM orbital segment of the flight was divided into four segments. In
addition, two fits were made for the coast phase of the {light in order to
evaluate the low speed S-band tracking data, Tablc 3-17 presents a sum-
mary of information pertinent to each of the above mentioned fits. For

each fit the following are listed:
e The observation span of the data
e The data used in the fit
e The value of the drag parameter (CdA/ 2m)
e The solution vector
e The trajectory output
The 1962 COESA static atmosphere was used in all fits.

Segment 1 (Table 3-17) was reconstructed using all available C-band

data between S-IVB cutoff and SPS 1 engine ignition.

The separation maneuver (15 hours, 26 minutes, and 27. 52 seconds,
GMT, to 15 hours, 26 minutes, and 37, 61 seconds, GMT) was modeled
by inputting a burn tape, generated from the Guidance and Navigation
(G&N) tape, into the IGS ESPOD. Since the AGC was in the '"average g

mode' at this time, the telemetered data represent an accurate thrust

profile at 2-second intervals. Because the AGC senses acceleration due
to drag, it was not necessary to input the value for drag after separation
(Table 3-16), Thus, only the value for drag (0. 198 ftz/slug) before separa-
tion was input into ESPOD. The solution vector for the fit consisted of

only the state vector, and convergence was achieved in two iterations.

The residual mean and RMS by station and type for Segment 1 is listed
in Table 3-18 and indicates a reasonable fit, All quantities are defined as

usual, and N is the number of data points for each observation type.

It should be noted that the residuals indicate a difference of about
100 to 150 feet between the S-IVB transponder data and the CSM trans-
ponder data (BDACO3 versus other data). Differences of this magnitude

were also observed during the vent phase. The trajectory was generated
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at all event times in this interval (Appendix B). The residual plots for
this segment can be found in Appendix E. Pertinent comments will be

made for each plot, if applicable.

Some difficulty was encountered reconstructing the trajectory for the
coast phase from SPS 1 engine cutoff (15 hours, 28 minutes, and 23. 6 sec-
onds, GMT) to SPS 2 engine ignition (20 hours, 10 minutes, and 55.8
seconds, GMT) using low speed C-band radar tracking data. The problem
was that at 15 hours and 30 minutes, GMT, the ASCCQO3 range residuals
suddenly dropped approximately 500 fcet, and a strangc rangce residual
pattern was observed until 17 hours, 12 minutes, and 30 seconds, GMT.
At this time, the range residuals jumped approximately 300 feet following
a 30-second data drop. After the jump, the ASCCO3range data were
compatible with the CROCO3 range data. The ASCCO3 azimuth and eleva-
tion residuals during this same period appeared reasonable. The ACNSO3
(S-band) residuals were smooth during this interval, and subsequent fits

of the S-band data indicated that the S-band data were good.

The RTCC also experienced problems during this period. A 300-
yard range bias was observed between the ACNS USB data and the ASCC
C-band data. It was assumed that the difficulty was with the USB station,
and ACNS was asked to reacquire in range. This action seemed to reduce
the bias by about 30 yards. At some later time, the range bias between
ACNS and ASCC was observed to be approximately 50 yards. It now
appears that the problem observed by the RTCC was caused by the ASCC
radar rather than the ACNS radar.

Many attempts were made to reconstruct the coast phase in one
segment without success. It was finally decided to reconstruct the coast

phase trajectory in two segments to insure a good fit at both SPS 1 engine

cutoff and SPS 2 engine ignition.

Segment 2 was reconstructed using ANTCO3 data, a small amount of
ASCCO3 data after SPS 1 engine cutoff that were considered to be good, a
small segment of ASCCO3 and CROCO3 data near apogee, and a small
segment of CROCO3 near SPS2 engine ignition. A least-squares fit was
made by regressing on the state vector. A drag value of 0. 082 square foot

per slug was used in the fit, In order to insure that the limited amount of



data used in the fit were representative, the residuals for all the C-band
data were generated using the state vector from the above fit. The results
indicated that the trajectory fit all the data until about 19 hours 50 minutes,
GMT, or until about 20 minutes before SPS 2 engine ignition., It was
decided that Segment 2 would represent the interval from SPS 1 engine cut-
off (15 hours, 28 minutes, and 23.6 seconds, GMT) to 17 hours and 20
minutes, GMT. A vector comparison with Segment 3 revealed a total dif-

ference of 4325 feet in position and 0, 88 foot per second in velocity. The

residual mean and RMS by station and type for Segment 2 is listed in Table
3-19.

The trajectory was output at 10-minute intervals and at event times
(Appendix B). The residual plots for this segment can be found in

Appendix E where pertinent comments will be made for each plot, if
applicable.

The trajectory for Segment 3 from 17 hours and 20 minutes, GMT,
to SPS 2 engine ignition (20 hours, 10 minutes, and 55.8 seconds, GMT)
was reconstructed using all the CROCO3 data; all the ASCCO3 data except
for the interval from 15 hours and 30 minutes, GMT, to 17 hours, 12
minutes, and 30 seconds, GMT; and the ANTCO3 data. The CROC eleva-
tion data were weighted out because of a suspicious elevation residual
trend. The problem was found to be caused by a refraction model error;
i, e., the mean monthly value for surface refractivity at CRO for November
is 329, while the value computed from temperature, pressure, and dew
point for midnight Novembevr 10 (GMT) was 367, The solution vector con-

sisted of the state vector, ASC azimuth and elevation biases, and CRO

azimuth bias. Drag was modelled by inputting a 0. 082-square foot per

slug value for the drag parameter.

The residual mean and RMS by station and type for Segment 3 is
listed in Table 3-20.

The trajectory was output at 10-minute intervals and at event times
(Appendix B). The residual plots can be found in Appendix E where com-

ments on each plot will be made, if applicable.

Systematic errors have an important effect on the residual patterns
in Segments 2 and 3. By studying the residual patterns in azimuth and

elevation for ASCCO3, noting crossover points, when the residuals change
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sign, and observing the gecometry of the pass, one can isolate somec appar-
ent systematic errors. The azimuth residual pattern in Segment 2 has a
crossover point (positive to negative) at approximately 15 hours and 35
minutes, GMT. The azimuth observable at this time is 19 degrees,which
means that the apparent station location should lie on a line drawn through
the assumed station location and oriented 19 degrees east of true North,
The fact that the residuals change from positive to negative indicates the
apparent location is south and west of the surveyed location on the 19-
degree line. Using this new location, the elevation residuals should be
negative throughout the pass because of the geometry, if a timing error is
not present. However, the elevation residuals have a crossover point
(negative to positive) at 15 hours and 42 minutes, GMT. This crossover
point occurs 2 minutes after the maximum elevation of the pass is achieved.
A positive timing bias in conjunction with the apparent station location
error deduced from the azimuth residual pattern will yield a crossover
point at some time after the occurrence of the maximum elevation of the
pass. The positive timing error will also account for the minimum in the
azimuth residuals at the time of the occurrence of maximum elevation,
since the location error and the timing error are coupled in the same

direction.

A similar analysis of the CROCO3 azimuth residual pattern does not
reveal a crossover point, The geometry indicates that if a timing error
or station location error existed, their effects would be most noticeable
from 20 hours 0 minute, GMT, to 20 hours 10 minutes, GMT. But no
crossover is observed, which leads one to conclude that the azimuth
residual pattern can be removed by assuming a minus 0. 009-degree bias
in azimuth. This is a reasonable number considering the fact that the 10

uncertainty in azimuth bias for a FPQ-6 radar is 0. 017 degree.

It was also found that a positive longitude error could account for
the positive residual pattern. This was done by generating perfect data
for the coast ellipse and perturbing the trajectory by a station location
error or timing error, The elevation residuals for CROCO3 were not
analyzed since they were degraded by a bad refraction correction as dis-

cussed above.




It is felt that the error discussed above is the result of the relative
errors between Ascension and Carnarvon which arc a function of pass
gecometry, refraction model, earth model, radar system errors, etc.
Thus, the recovered values bascd on a least-squares fit of the low speed
tracking data would not necessarily reflect a correction to station locations

on the Fischer ellipsoid.

The trajectory for Segment 4 from SPS 2 engine cutoff (20 hours,
15 minutes, and 36.4 seconds, GMT) to entry interface (20 hours, 19
minutes, and 29. 54 seconds, GMT) was reconstructed using the only radar
tracking data available, viz., Guam S-band data. The valid data from
Guam covered a 2, 3 -minute interval from 20 hours, 15 minutes, and
36 seconds, GMT, to 20 hours, 17 minutes, and 54 seconds, GMT. The
fit used only the RXY data as the doppler data were found to be of poor
quality.

A least-squares fit was made where the solution vector consisted of
the state vector. A drag parameter value of 0. 166 square foot per slug
was used before CM/SM separation while a drag value of 0.346 square foot
per slug was used after CM/SM separation. In spite of the limited data
situation and the fact that Guam is a new station, the station summary

shown in Table 3-21 indicates that a good fit was obtained.

Table 3-21. Residual Mean and RMS by Station and Type for Segment 4

Station
Identification Transponder Range X-Angle Y-Angle
GWMSO3 CSM -0, 772236E 00 0.368261E-03 0. 498396E-02 Mean
0.221189E 02 0. 279870E-01 0. 114703E-01 RMS
24 24 24 N*

Number of data points
The trajectory output was listed for SPS 2 engine cutoff, CM/SM
separation and entry (Appendix B). The residual plots, found in Appendix
E clearly show that the doppler data were of poor quality. Entry condi-

tions are discussed in the subsection on Maneuver Analysis and Targeting.

Segment 5, which represents the coast phase of the flight, was

reconstructed using all available low speed S-band tracking data.
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Most of CROSO3 data did not come into the RTCC in real time; con-
sequently, paper tapes had to be processed in order to obtain the data.
This is the reason that the data do not appear in the residual plots. There
is a preponderance (1915 versus 560) of ACNS data. A least-squarcs fit
was made where the solution vector included only the state vector. A
summary of pertinent information regarding the fit can be found in Table
3-17. A value of 0. 082 square foot per slug was used [or the drag param-
cter, The residual mean and RMS and station and typc for Segment 5 is

given in Table 3-22.

The S-band trajectory was generated in order to compare it with the
C-band trajectory. The results are listed in Table 3-23 where the differ-

ences are defined to be S-band trajectory minus C-band trajectory.

First, it can be seen that the ACNSO3 data will have more leverage
in the fit than the CROSQO3 data. Thus, the orbit plane is not determined
as good as in the Segment 2 or Segment 3 fit where the CROCO3 data had
more of an influence on the fit. Second, the S-band fit reduced the posi-
tive hump in the doppler residual pattern after SPS 1 engine cutoff. (The
geometry during this period after SPS { engine cutoff was more like near-
earth orbit with its rapid angle changes.) The effect of reducing the hump
in the S-band fit was to increase the velocity for the resulting trajectory.
This velocity difference at SPS 1 engine cutoff will show up as a position
difference at apogee, and then transfer back to a velocity difference at
SPS 2 engine ignition. This pattern can be seen in the table. It can also
be seen from the ACNSO3 plots (Appendix F') that as the range increases
and the elevation decreases, the X, Y angles become noisier. If the
switchover from ACNSO3 to CROSO3 occurred at some earlier time in the
flight, then some of the noise on the X, Y angles would be eliminated. It
should be noted that the discontinuity in the differences between 17 hours

and 10 minutes and 17 hours and 30 minutes is due to the switch in BET

segments.

In conclusion, the difference between the S-band trajectory and the
C-band trajectory can be attributed to the ASCNO3 leverage on the S-band
fit and the questionable doppler data after SPS 1 engine cutoff.
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The residual plots for Segment 5 can be found in Appendix F, Perti-

nent comments will be made for cach plot if applicable.

The ACNSO3 residual patterns for Segment 5 cannot be explained by
any one systematic error. This was deduced by generating perfect data
for a coast ellipse and then inputting a single systematic error (latitude
error, longitude error, or timing error) and noting the residual patterns.
From these runs, it is apparent that only a combination of errors will
account for the patterns. First, it appears that the positive X-angle
residual pattern is caused by a positive longitude bias. This bias has
little effect on the Y-angle pattern. Second, the Y-angle pattern can best
be explained by a positive latitude error. The latitude error also has
little effect on the X-angle residual pattern. Third, it takes a positive
timing error to account for the crossover in the range residual pattern
at 18 hours and 8 minutes, GMT; the simple timing error produced cross-

over at 17 hours and 58 minutes, GMT, with perfect data.

The results of this comparison are compatible with the analysis of
the ASCCO3 residual patterns for Segment 2; i, e., the actual location of
the C-band station is south and west of the survey location, and there is
a positive timing bias. This would be expected, since both stations are

located on the same island.

Although the amount of CROSO3 data plotted is limited, it appears
that there may be a positive longitude error. From Segment 3, it was
suspected that CROCO3 azimuth residual pattern could best be explained

by either an azimuth bias or a positive longitude error.

Segment 6 was reconstructed using all low speed C-band and S-band
data except for the suspected ASCCO3 data from 15 hours and 30 minutes,
GMT, to 17 hours, 12 minutes, and 30 seconds, GMT. A fit.was made
where the regression variables were position and velocity. A drag value
of 0. 082 square foot per slug was used in the fit, Table 3-24 gives the
residual mean and RMS by station and type for Segment 6.

The C- and S-band trajectory was generated to compare with the
C-band trajectory. The results are listed in Table 3-25 where the differ-

ences are defined to be C- and S-band trajectory minus C-band trajectory.
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Table 3-25 revecals much smaller differences between the C- and S-
band trajectory and the C-band trajectory than the differences in the
S-band trajectory and the C-band trajectory. This can be attributed to
the effect of the C-band data in the fit. The jump in the position between
17 hours and 10 minutes, GMT, and 17 hours and 30 minutes, GMT, is
due to the switch in BET segments. It can be concluded from the differ-

ence listed in the table that a good trajectory was reconstructed using
both C-band and S-band data.

The residual plots for Segment 6 can be found in Appendix G. Perti-

nent comments will be made on each plot, if applicable.

The residual patterns for Segment 6 are essentially the same as for

Segment 5; therefore, the same systematic errors would be recovered for

Segment 6,

Before this section is concluded, it should be stressed that com-~
ments pertinent to data anomalies and trackers will be made with the plots.

It is felt that this is a more effective way of presenting this information.

Maneuver and Targeting Analysis

First, it should be mentioned that many attempts were made to
reconstruct the maneuvers using the low-speed C-band tracking data, tele-
metry information in the form of an acceleration burn tape, and IGS ESPOD.
However, the lack of a priori knowledge of the guidance errors and the
problems in the data prevented a good reconstruction of the SPS 1 and

SPS 2 burns. The data problems are listed as follows:

e Bad ASCCO3 segment from 15 hours and 30 minutes,
GMT, to 17 hours, 12 minutes, and 30 seconds, GMT

e Refraction problem at CROCO3
e Lack of low speed C-band tracking data after SPS 2

In order to give the reader some idea of the magnitude of the burns,
the following information is tabulated. Table 3-26 lists the maneuver, the
time of initiation of the maneuver (GMT), source of the information, the

duration of the maneuver in seconds (At), the component velocities in
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guidance platform coordinates, and the total velocity. It should be noted

that the listed velocities have not been corrected for guidance errors.

The targeting parameters for the SPS | burn were a scmilatus
rectum of 32,833,369 feet and an eccentricity of 0. 5913. In the event of
the failure of SPS 2, entry (400, 000 feet) would have occurred at 20 hours,
20 minutes, and 29. 69 seconds with an inertial velocity of 32, 281 feet per
second, a flight-path angle of 100,29 degrees, and a location of 22. 06°
north latitude and 152. 749 cast longitude. These values are based on the

Segment 3 reconstructed trajectory,

The eccentricity of the orbit resulting from the SPS 2 burn was
1.022, i.e., a hyperbolic reentry orbit. The entry occurred at 20 hours,
19 minutes, and 29. 54 seconds with an inertial velocity of 36, 545 feet per
second and a flight-path angle of 96. 93 degrees. These values are based

on the Segment 6 reconstructed trajectory.
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3.5 REENTRY

Using the error sct described in Table 3-3, the G&N trajectory was
reconstructed from time t = 29, 425, 75 seconds to splashdown. This
interval includes all cvents from the second service propulsion system
burn through splashdown. The reconstructed trajectory was initialized on
the ESPOD state vector, thereby forcing initial agreement with the BET.
The altitude time history of this reconstructed trajectory is presented
graphically from the time of drogue chute deployment (t = 30, 678 seconds)
through splashdown. The coordinate set chosen for presentation is ''local,
earth surface fixed' so that the origin of coordinates coincides with the
spacecraft recovery point as determined by the recovery ship. This point
is the recovery ship's most accurate estimate of the splash point. The
local coordinate axes are oriented as follows: X (local) is directed east;
Y (local) is directed north; and Z (local) is directed "up', normal to the
tangent plane of the Fischer Ellipsoid at the assumed point of impact. The
geodetic coordinates of the origin are geodetic latitude = 30. 106° N and

geodetic longitude = 187, 463° E.

Information on the actual reentry trajectory is available from sev-
eral sources. The impact point coordinates (discussed above) were
estimated by the recovery ship. The times of drogue and main chute
deployment were determined from baroswitch closure times reflected in
the telemetry data. The altitude intervals in which these events most
probably occurred were determined from baroswitch presettings and
estimates of the equipment and atmospheric pressure profile uncertainties.
A wind velocity of 20 knots at 90 degrees, measured by the recovery ship,
affords an east (local X) velocity estimate of approximately -34 feet per
second. Additionally, experience with the ‘Apollo command module descent
rate on the main chute leads to an expected vertical velocity (local Z) in
the range from -28 to -30 feet per second. Finally, at times subsequent
to splashdown, the total position and velocity of the spacecraft were zero,
by definition. Comparisons of these values with those obtained from the

reconstructed G&N trajectory are presented in the following table.



Reconstructed

Known Constraints G&N
Drogue Deployment PZ (Altitude): 24, 084 ft
(t =30,678.0 sec) 22,700 - 26, 000 ft
Main Chute Deployment PZ (Altitude): 11, 020 ft
(t = 30, 725, 4 sec) 10, 200 - 10, 750 ft
Pre-splash (t = 31, 023. 75 sec, PX: 0. ft 7,913 ft
immediately prior to impact; PY: 0. ft -2, 818 ft
impact occurred at approxi- PZ: 0, ft -370 ft
mately 31, 035 sec) VX: -34 ft/sec -27.9 ft/sec

VY: 0 ft/sec 9. 4 ft/sec

VZ: -28 to -30 ft/sec -29. 0 ft/sec

There are no significant differences between any of these recon-
structed trajectory parameters and the values of their corresponding con-
straints. During the iterative procedure used to fit guidance data to
external trajectory constraints, it was interesting to note the behavior of
the impact state vector. Naturally, PZ and VZ must simultaneously
match their reference values since these are accurately known constraints.
Surface wind velocity and impact latitude -longitude, however, have large
uncertainties* and are independently derived. The analysis procedure
demonstrated that whenever the wind constraint was satisfied, the recon-
structed impact position was very close to the recovery ship estimate,
and vice versa. This gives the analyst confidence in the reliability of the

reference data, and in the accuracy of the reconstructed trajectory.

At the time of delivery of the A-50 45 Day BET, a detailed IMU
error evaluation had not been completed because of difficulties in deter -
mining which of the several reference trajectories received for the ascent
phase best represented the actual mission. Estimates of the most signif-
icant errors had been made. Withthis intermediate IMU evaluation, and
with the knowledge that large platform misalignments existed at the time

of the entry burn, it was possible to reconstruct the entry trajectory with

Numerical values of these uncertainties are not available.
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a fair degree of confidence. The final IMU evaluation confirms this recon-
struction and no revision of the 45 Day BET will be issued. A comparison
of the BET entry trajectory with that derived from the final IMU errors

(Table 3-3) is given in Table 3-27 at several times of interest.

Figure 3-8 illustrates the altitude-time history of the reconstructed

entry trajectory,

3.6 RTCC ORBIT DETERMINATION EVALUATION

The state vectors obtained in real time by the RTCC for the AS-501
mission were compared with the Task A-50 best estimate of the trajectory
(BET) at RTCC anchor time from insertion (12 hours, 11 minutes, 16, 64
seconds, GMT) to entry (20 hours, 19 minutes, 29.54 seconds, GMT).
The purpose of making these comparisons is to aid the RTCC in evaluating

fit procedures for this and subsequent Apollo missions.

The comparisons are listed with comments for each vector compari-
son, A set of special vectors of prime interest to the RTCC will also be
discussed. As previously noted, a time bias was added to the time tag of
the low speed tracking data to account for the difference between UT1 and
UTC. The real time orbit determination program does not account for the
difference between UT! and UTC. Thus, the RTCC trajectory is out of
phase with the resultant post-flight trajectory. These differences are

reflected in the state vector comparisons,

Table 3-28 lists in detail the data received and processed by the
RTCC. The maximum elevation of the pass (Ey;ax), anchor vector time
(GMT), number of valid points, and an indication that the data were either
accepted or rejected {A/R) is tabulated, An "S" in the accept/reject
column denotes an accepted single station solution. The batch number is
simply a numbering system used by the RTCC and has no special signifi-
cance. The MSC memorandum on the RTCC Mission Data Summary was
the source of Table 3-28.
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Table 3-28,

RTCC Summary of Radar Data for AS-501

Code Batch Anchor Time (hr:min:sec)
BDAC 04 12:11:24
BDAS 08 12:11:24
VANC 09 12:11:24
V ANS 10 12:12:36
CROC 11 12:53:00
CROS 13 12:53:00
WOMC 12 13:00:24
GYMS 17 13:29:06
WHSC 18 13:30:30
GDSS 19 13:30:36
MLAC 21 13:35:48
MILS 24 13:38:06
GBIC 22 13:36:30
_ PATC 23 13:37:12
BDAC 29 13:39:12
BDQC 25 13:39:24
BDAS 31 13:41:24
VANS 26 13:45:06
VANC 27 13:46:30
CYIC 30 13:51:00
CROC 32 14:26:12
CROS 33 14:26:18
HAwWC 34 14:51:36
CALC 35 15:00:30
GDSS 46 15:02:12
WHSC 47 15:05:18
BDQC 48 15:17:06
ANTC 50 15:17:06
VANC 53 15:17:06
BDQC 58 15:20:18
ANTC 59 15:22:18

N

()
42
33
44
36

16
53
18
26
16
52
43
36
54
28
33
26
37
51
41
47
45
38
10
32
52
71
62
42

EMAX (deg)

A/R

57
55

76
26
20

21
24
14
21
90
83
83
37
37

12
12
10
20
20
86
27
21
47
14
15

LS IS B I - RS S R B e A B R A




Table 3-28,

RTCC Summary of Radar Data for AS-501 (Continued)

Code Batch Anchor Time (hr:min:sec)
ANTC 60 15:26:42
ANTC 61 15:28:36
VANC 64 15:29:18
ASCC 66 15:29:18
ACNS 67 15:29:18
ANTC 57 15:30:24
ASCC 62 15:35:42
VANC 63 15:35:48
ACNS 65 15:36:06
ASCC 68 15:44:06
ACNS 69 15:44:06
VANC 70 15:44:48
ASCC 71 15:51:42
ACNS 72 15:52:06
ASCC 74 15:59:42
ACNS 75 16:00:16
ASCC 76 16:07:42
ACNS 77 16:08:12
ASCC 78 16:15:54
ACNS 79 16:16:36
ASCC 86 16:44:06
ACNS 88 16:57:42
ACNS 89 17:06:42
ASCC 90 17:07:42
ACNS 91 17:13:42
ASCC 92 17:16:36
CROC 93 17:18:56
ACNS 94 17:23:18
ASCC 95 17:29:48

N

15
18
58
62
68
28
80
80
80
80
80
34
80
80
80
80
80
80
77
58
59
80
80
80
80

129

200

159

159

EMAX (deg)

A/R

20
51
57

59
12
59
58
58

53
53
49
48
45
45
42
42
34
32
30
30
29
29

28
27
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Table 3-28,

RTCC Summary of Radar Data for AS-501 (Continucd)

Code Batch Anchor Time (hr:min:sec) N EMAX (deg) A/R
CROC 96 17:34:00 159 8 A
ACNS 97 17:39:12 119 25 A
ASCC 98 17:45:42 119 24 A
CROC 99 17:49:54 80 11 A
ACNS 100 17:56:24 80 22 A
ASCC 101 18:06:18 230 20 A
CROC 102 18:12:36 230 15 A
ACNS 103 18:20:24 80 18 A
ASCC 104 18:30:06 230 15 A
CROC 105 18:36:24 212 19 A
ACNS 106 18:44:12 210 11 A
ASCC 107 18:54:36 168 8 A
CROC 108 18:59:24 187 23 A
CROC 109 19:17:36 80 26 A
CROC 110 19:28:36 80 28 A
CROC 111 19:33:36 80 32 A
CROC 112 19:41:36 80 36 A
CROC 113 19:49:36 80 39 A
CROC 114 19:57:54 80 39 A
CROC 117 02:08:00 45 31 A
GWMS 118 20:15:30 26 30 S
Notes: Data from TANC was received but not processed by the RTCC.

CROS data during the third revolution was received post mission.
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RTCC Comparison

The comparisons made for the parking orbit will be discussed first.
Since TRW Task A-50 rcconstructed the trajectory in order to evaluate
the MSF C vent polynomial technique, the task was asked to make RTCC

comparisons for this segment of the flight.

A summary of these comparisons is listed in Table 3-29. The table
lists the data used in the fit to obtain the RTCC vector, the RTCC batch
number, the RTCC anchor time (GMT), the maximum elevation of the pass

(EMAX)’ the BET segment number, the total difference in position, and
the total difference in velocity.

It can be seen that differences in position were about the same
throughout the parking orbit. The velocity differences were not good until
the first pass over the United States. When the data situation was good,

the RTCC did a good job determining the orbit.

Table 3-29. RTCC Comparison Summary for the Parking Orbit

Anchor Time E
Station Batch (hr:min:sec) MAX (deg) BET AR(ft) AV (ft/sec)

BDAC 04 12:11:24 6 1 1687 19. 54
BDAS 08 12:11:24 6 1 1720 13.91
CROC 11 12:53:00 8 1 1817 3. 27
CROS 13 12:53:00 9 1 1388 5.92
WHSC 18 13:30:30 20 | 1396 2,51
MLAC 21 13:35:48 21 1 1603 1. 34
BDQC 25 13:39:24 83 2 1445 1. 03
BDAS 31 13:41:24 83 2 1433 0.99
CYIC 30 13:51:00 6 2 1653 0. 45
CROC 32 14:26:12 12 2 3031 1. 84
WHSC 47 15:05:18 86 2 1942 0. 22




The summary of the comparisons from the sccond S-IVB engine
cutoff to entry is listed in Table 3-30. All quantities are defined the
same as in Table 3-29. The largest differences which appear in
Table 3-30 are from ANTC61 to ACNS103. A part of these large differ-

ences can be explained by the following:

e The RTCC was using data from ASCCO03 and ACNSO03
until about 17 hours, 20 minutes, GMT. Therefore,
the geometry was not good until Carnarvon tracked.

® The elevation at CROCO03 did not get above 10 degrees
until after 18 hours, GMT. The refraction problem
at Carnarvon has a significant effect on the trajectory.
The elevation data from CROCO03 were weighted out of
all the postflight fits.

e The ASCCO03 data from 15 hours, 30 minutes, GMT,
to 17 hours, 12 minutes, 30 seconds, GMT, were
deleted from the postflight fits due to their strange
behavior. (Appendix E presents the residual plots).

The RTCC incorporated the ASCCO03 data into their
fits.

Special Comparisons

The summary of special comparisons can be found in Table 3-31
The vectors are time ordered according to RTCC anchor time, and the

total difference in position and velocity is listed.
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Table 3-30. RTCC Comparison Summary from Sécond S-IVB
Engine Ignition to Entry :

Anchor Time E '
Station Batch (hr:min:sec) MAX (deg) BET AR(ft) AV (ft/sec)

BDQC 48 15:17:06 27 3 2,026 2. 16
ANTC 50  15:17:06 21 3 1, 602 2. 17
BDQC 58  15:20:18 14 3 1,936 3. 19
ANTC = 59  15:22:18 15 3 2, 202 3.91
ANTC 61  15:28:36 7 4 10,453 80. 83
ASCC 66  15:29:18 51 4 7,014 7.33
ACNS 67  15:29:18 57 4 6, 742 5. 35
ACNS - 65  15:36:06 59 4 7, 858 12. 29
ASCC 68 15:43:42 58 4 8, 348 7. 02
ASCC 74 15:59:42 49 4 12,936 8. 214
ACNS 75 16:00:06 48 4 13,300 7.91
ASCC 86  16:44:06 34 4 19, 253 4.20
ACNS 88  16:57:42 32 4 22, 405 3. 88
ACNS 91 17:13:42 29 4 21, 446 3,15
ASCC 92  17:16:36 29 4 18, 850 2. 82
ACNS 97  17:39:12 25 5 11, 349 2. 00
ASCC 98  17:45:42 24 5 11, 177 2. 08
ACNS 100 17:56:24 22 5 8, 943 2. 30
ASCC 101  18:06:18 20 5 7, 682 2. 42
CROC 102 18:12:36 15 5 7,015 2.50
ACNS 103 18:20:24 18 5 5, 747 2.58
ACNS 106  18:44:12 11 5 2, 842 2. 81
ASCC 107  18:54:36 8 5 1, 145 2. 85
CROC 108  18:58:24 23 5 2, 002 2. 97
CROC 110 19:25:36 28 5 1,792 3. 12
CROC 112 19:41:36 36 5 3,379 2. 45
CROC 113 19:49:36 39 5 3,510 1. 67
CROC 114  19:57:54 39 5 2, 674 1. 01
CROC 117 20:06:00 31 5 2, 208 1. 18
GWMS 118  20:15:30 30 6 2, 621 5. 35
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Table 3-31. RTCC Comparison Summary for Special Vectors

Vector Description

AGC Insertion Vector
IP Raw Insertion Vector
USB Insertion Vector
IU Insertion Vector

BDQC 025 Vector Used to Build AGC
Navigation Update Prior to J2

WHSC 047 Best RTCC Vector Prior
to TLI

AGC High Speed Cutoff Vector
Following TLI

IP RAW High Speed Cutoff Vector
Following TLI

ANTC 059 Best RTCC Vector Prior
to SPS-1

IP RAW High Speed Cutoff Vector
Following SPS-1

ACNS 079 Vector Used to Build AGC
Navigation Update Prior to SPS-2

CROC 117 Best RTCC Vector Prior
to SPS-2

AGC High Speed Cutoff Vector
Following SPS-2

GWMS High Speed Cutoff Vector
Following SPS-2

Anchor Time AR

(hr:min:sec) (ft)

12:11:21.57 17,922
12:11:22. 25 4,598
12:11:22. 25 2, 664
12:11:22.3 21, 888
13:39:24.0 1,515
15:05:18.0 i, 942
15:16:45. 7 46, 609
15:18:08. 7 8,932
15:22:18.0 2,202
15:29:53. 8 13, 859
16:16:36.0 15, 219
20:06:00. 0 2, 208
20:15:44., 32 38, 805
20:16:28. 50 2,662

AV

(ft/sec)
50.10
19. 05
85. 43
17. 26

1.09
0.22
44. 91
15. 04
3.91
10. 04

5.57

92. 64

39.42
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The output of the RTCC Compare Program is listed for each
vector appearing in Tables 3-29, 3-30, 3-31, and comments are made for
cach comparison. The definition for each symbol in the listing can be

found below,

Symbol Definition of Symbols

3 Components of the position and velocity
vector referenced to a geocentric, inertial,
Cartesian, coordinate system. It is a right-
handed system where the X-axis lies in the

\ true equatorial plane in the direction of the
Greenwich meridian at 0h day of launch,

the Z-axis is orthogonal to the true equa-
torial plane, and the Y-axis completes the
right-handed system. The units are earth
radii and earth radii/hour.

Ne e M N <X

SEMI-MAJOR Semimajor axis (feet)
ECCEN Eccentricity of the orbit

INCL Inclination of the orbit plane to the equator
measured positive counter clockwise from
the equatorial plane to the orbit plane at
the ascending node (degrees)

NODE Right ascension of the ascending node
(degrees)

ARG PERIGEE Argument of perigee measured positive in
the direction of motion from the ascending

node (degrees)

TRUE ANOM True anomaly measured positive in the
direction of motion (degrees)

PERIOD Osculating period of the orbit (minutes)

APOGEE Altitude of apogee above a reference
sphere (nautical miles)

PERIGEE Altitude of perigee above a reference
sphere (nautical miles)

VEL-MAG Magnitude of the inertial velocity vector
(feet/second)
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Symbol
FLT PATH

HEADING

DECLIN

LONG

HEIGHT

DELTA U
DELTAYV
DELTA W
DELTA UDOT
DELTA VDOT
DELTA WDOT

DELTA POS

DELTA VEL

4

Definition of Symbols

Flight-path angle measured positive down-
ward from the local vertical (degrees)

Azimuth of the velocity vector measured
positive east of true North (degrees)

Declination (degrees)

Longitude of the vehicle measured positive
east of the Greenwich Meridian (degrees)

Height of the vehicle above a reference
sphere (nautical miles)

Difference between the RTCC and TRW
components of the position and velocity
vector in a vehicle-centered, coordinate
system where the U-axis is collinear with
the earth-centered inertial radius vector
and is directed outward, the V-axis lies
in the orbit plane and is orthogonal to the
U-axis, and the W-axis completes the
right-handed system.

Magnitude of the difference between the
RTCC position vector and the TRW position
vector

Magnitude of the difference between the

RTCC velocity vector and the TRW
velocity vector
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